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ABSTRACT
Developmental environments can have lasting effects on an in-
dividual’sphenotype. Inmanyreptiles, for example, egg incubation
temperature permanently determines offspring sex (temperature-
dependent sex determination, TSD) and also influences a suite of
morphological, physiological, and behavioral traits. Thus, the
contributions of sex and incubation temperature to phenotypic
variation are difficult to identify because these factors are con-
founded under TSD. We used chemical manipulations to exper-
imentally decouple gonadal sex and incubation temperature in a
turtle with TSD (Chrysemys picta) to examine their relative and
interactive effects on variation in incubation duration and off-
spring size. We show that warm incubation temperature accel-
erates development as expected and that exogenous estradiol
treatment to eggs further shortens incubation duration across all
incubation temperatures. Moreover, estradiol unexpectedly in-
duced male development, resulting in male offspring hatching
sooner than female offspring. Variation in offspring size was also
influenced by incubation temperature and gonadal sex, but in-
teractions between these two variables were relatively small or
nonsignificant. The fitness consequences of these effects are un-
known, but we provide preliminary results from our attempts at
examining the long-term and sex-specific effects of incubation
temperature. Manipulative experimental approaches, combined
with longer-term experiments that track individuals through re-
production, will provide novel insights into the adaptive signifi-
cance of developmental plasticity in long-lived organisms.
Keywords: aromatase, Chrysemys picta, Charnov-Bull model,
developmental plasticity, developmental rate hypothesis, estra-
diol, exogenous steroids, painted turtle, survival.
Introduction
Early-life environments have profound effects on embryo de-
velopment and can set lifelong phenotypic trajectories (West-
Eberhard 2003;Gilbert andEpel 2015). Somephenotypes that are
influenced by the environment are discrete qualitative traits that
are shaped at a critical point in development and remain fixed
across the life span (i.e., polyphenism). For example, early-life
nutrition determines the development of different castes in hy-
menopteran insects (O’Donnell 1998; Lawson et al. 2017), and
population density of the locust Schistocerca gregaria determines
whether individuals develop lifelong gregarious behavior or
solitary behavior (Simpson et al. 2001). In other cases, early-life
environments influence continuously distributed (quantitative)
traits, and the effectsmayormaynotdisappear at some later point
in life (i.e., they are not always fixed for life). Traits such as body
size, for example, can be adversely affected by poor-quality envi-
ronments during early development, but any early disadvantages
could be overcome, depending on a variety of factors (e.g., how
conditions improve, changes in competition; Metcalfe and Mon-
aghan 2001). Importantly, an organism’s phenotype is influenced
by numerous environmental factors, and a single environmental
variable can have profound impacts on both qualitative and quan-
titative traits. These multivariable influences make it difficult to
identify cause and effect because many phenotypes are not in-
dependent of one another andmultiple traits can be influenced by
the same environmental factor (Schlichting 1989; Pigliucci 2003).
Experimental designs that decouple confounded variables can
provide important insights into the role of the environment in
shaping phenotypic variation (e.g., Rhen and Lang 1995).
Environmental sex determination (ESD) is a classic example of
a polyphenism, whereby environmental conditions experienced
during embryonic development permanently determine whether
embryos become male or female (Bull 1983; Beukeboom and
Perrin 2014). ESD has evolvedmultiple independent times across
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diverse taxa (Cook 2002; Pennell et al. 2018), and many different
types of environmental variables (e.g., temperature, pH, photo-
period, population density) determine primary sex ratios. In ad-
dition to their effect on a discrete qualitative trait (i.e., sex), these
environmental variables also influence thedevelopment of several
quantitative traits. In many reptiles, for example, egg incubation
temperature determines offspring sex (a form of ESD known as
temperature-dependent sex determination, TSD) but also influ-
ences developmental rate, as well as a suite of morphological,
physiological, and behavioral traits (Deeming 2004;Warner et al.
2018;While et al. 2018). Indeed, a recentmeta-analysis on reptiles
(Noble et al. 2018) demonstrates that warm incubation temper-
atures accelerate development and shorten the incubation period
and either positively or negatively (depending on species) affect
offspring size, locomotor performance, physiology, and survival.
Importantly,however,manyof thephenotypes thatare influenced
by incubation temperature also differ between males and females
in species with genotypic sex determination (e.g., sex differences
in developmental rate, neonatal size, juvenile growth; mammals:
Seller andPerkins-Cole 1987; birds:Burke1992; reptiles:Coxet al.
2007; insects: Teder 2014), thereby making it difficult to identify
the relative contributions of temperature versus intrinsic sex
differences to phenotypic variation in species with TSD.
This issue has been addressed previously by experiments
that decouple sex from incubation temperature by chemically
manipulating offspring gonadal sex (Wibbels and Crews 1992;
Rhen and Lang 1995; Crews 1996; Freedberg et al. 2006b). For
example, application of an aromatase inhibitor to snapping tur-
tle (Chelydra serpentina) eggs yields males at female-producing
temperatures, and applying estradiol to eggs at male-producing
temperatures induces female development (Rhen andLang 1995).
These hormone manipulations enabled same-sex comparisons
across temperatures and revealed that growth rates of neonates
were strongly influenced by temperature but not by sex. Similar
manipulations to leopard gecko (Eublepharis macularius) eggs
suggested that incubation at male-producing temperatures in-
duced aggressive behaviors, even for chemically produced females
(Flores et al. 1994). Bothof these studies andothers (e.g., Rhenand
Lang 2004;Warner and Shine 2005) demonstrate that incubation
temperature plays a critical role in shaping fitness-relevant phe-
notypes regardless of sex in species with TSD. Chemical manip-
ulations have also been useful for testing the differential fitness
model for the adaptive significance of TSD (Rhen and Lang 1995;
Warner and Shine 2008); this model predicts that incubation
temperature differentially affects male and female fitness so that
each sex is produced at its optimal temperature (CharnovandBull
1977). Importantly, longitudinal studies that quantify the sex-
specific effects of egg incubation temperature on fitness are likely
necessary to rigorously test this model, but obtaining such long-
termdata is challenging formany reptiles because of their long life
spans (Mitchell et al. 2018).
To examine the relative contributions of gonadal sex and in-
cubation temperature to developmental and phenotypic variation
under TSD, we incubated eggs of the painted turtle (Chrysemys
picta) under a range of temperatures and chemicallymanipulated
eggs with estradiol and an aromatase inhibitor. AlthoughC. picta
has been an important model for studies of TSD ecology and evo-
lution (e.g., Schwarzkopf and Brooks 1987; Janzen 1994; Janzen
and Morjan 2001; Warner et al. 2017), no previous studies have
used this species to examine the sex-specific effects of incubation
temperature on offspring phenotypes. In our study population,
a balanced sex ratio is produced at a constant 27.77C; warmer
constant incubation temperatures produce female biases, and
cooler temperaturesproducemalebiases (Refsnideret al. 2014). In
addition, although estradiol is expected to induce female develop-
ment, previously published results from the same data sets pre-
sented here showed that estradiol unexpectedly produced male-
biased sex ratios across a range of incubation temperatures. The
expected male production by aromatase inhibition was also not
evident; these resultswere repeated in two additional experiments
(Warner et al. 2014, but see Warner et al. 2017). These previous
studies examined the effects of temperature and chemical ma-
nipulation only on offspring sex rather thanonquantitative traits.
Here, we leverage two of these same data sets to examine the rel-
ative contributions of sex and incubation temperature to varia-
tion in incubation duration and offspring size.
Incubation temperature consistently influences developmental
rate and generates variation in offspring morphology in reptiles
(Noble et al. 2018).Moreover, the effect of incubation temperature
on offspring phenotypic variation is greater than effects due to sex
differences (Rhen and Lang 1995, 2004). Thus, we tested the
following twopredictionsbasedonresults ofpast studies: (1)warm
egg incubation temperatures accelerate development and shorten
incubation duration similarly for each sex and (2) variation in
hatchling body size is induced primarily by incubation tempera-
ture, with sex explaining relatively little, if any, of the variation at
hatching. Last, although our results focus on early-life neonatal
traits, we discuss a critical information gap regarding the effects
of incubation temperature on late-life phenotypes, the role that
long-term data sets can play in filling this gap, and the logistical
challenges of conducting long-term research programs. We spe-
cifically use examples from our attempts to study the long-term




We conducted two independent experiments to quantify the
effects of incubation temperature on male and female devel-
opment and morphology (fig. 1). The first experiment was
performed in 2008 (termed “2008 experiment”) and then re-
peated in 2010 (termed “2010 experiment”); some experimental
protocols were modified in the 2010 experiment. Eggs for both
experiments were collected from a population inhabiting back-
waters of the Mississippi River at the Thomson Causeway Rec-
reation Area in northwestern Illinois.
For the 2008 experiment, 41 clutches were obtained (between
May 30 and June 4) from nesting females either by injection of
oxytocin (n p 20) or by removing eggs from nests immediately
after females finished nesting (n p 21); the clutch size (F1, 37 p
Effects of Sex and Temperature on Phenotypic Development 63
This content downloaded from 129.186.176.217 on December 09, 2019 06:48:49 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
1:2, P p 0:279) and egg size (F1, 37 p 0:6, P p 0:465) produced
by females induced with oxytocin did not differ from those
produced by females that nested naturally. All eggs were weighed
after oviposition or nest excavation and kept in a cooler (buried in
moist sand) for 1–6 d before transportation to Iowa State Uni-
versity (ISU).
Eggs from single clutches were allocated among nine treat-
ments in a 3#3 design (three incubation temperatures #
three chemical manipulations) on June 5, 2008. Eggs were
randomly assigned to a position in a 4#5 matrix among
24 plastic shoeboxes, where they were half buried in moist
vermiculite (2150 kPa). The experimental design consisted of
two blocks; each block consisted of 19 or 21 clutches distributed
among 12 shoeboxes (one clutch of three eggs was divided
between the two blocks). Eggs that appeared dead or infertile
before treatment allocation were discarded from the experi-
ment, resulting in 435 eggs in the 2008 experiment. The shoe-
boxes were placed in one of three incubators (eight shoeboxes
in each incubator) set at (1) a warm mean temperature (307C)
that produces females, (2) an intermediate mean temperature
(287C) that produces a balanced sex ratio, and (3) a cool mean
temperature (267C) that produces male offspring (Refsnider
et al. 2014). Each incubatorwas programmed tofluctuate527C
throughout each day on a 12L∶12D cycle. Shoeboxes were
manually rotated among the shelveswithin incubators twice per
week to minimize potential effects of thermal gradients within
each incubator. The vermiculite within each shoebox was re-
hydrated once per week by adding water to restore the original
mass of the shoebox and contents.
Because the effects of offspring sex and incubation tempera-
ture are naturally confounded under TSD, chemical manipula-
tions of eggs were used to decouple these factors (fig. 1; Crews
et al. 1994; Rhen and Lang 1994). Within each temperature treat-
ment, eggs were distributed among three chemical treatments as
an attempt to produce both sexes across all incubation tempera-
tures, thus enabling an examination of sex-specific effects of in-
cubation temperature. To produce female offspring, a subset of
eggs in each thermal treatment received an application of 17b-
estradiol (15 mg dissolved in 5 mL of 100% ethyl alcohol [EtOH]).
To produce male offspring, a subset of eggs in each thermal treat-
ment received an application of fadrozole (80 mg dissolved in 5 mL
of 100% EtOH). Fadrozole (Ciba-Geigy CGS016949A, Novartis
Pharmaceuticals AG, Basel, Switzerland) is an aromatase inhibitor
that blocks the conversion of testosterone to estradiol, thereby
resulting in male development (Crews et al. 1994). As a control
treatment, other eggs received an application of 100% EtOH. A
pipette was used to apply 5 mL of one of the solutions to the surface
of each egg. Before application in 2008, one or two eggs per tem-
perature treatment were sacrificed for embryo staging to ensure
that chemicals were first applied around stage 14 (just before the
initiation of gonad differentiation). Accordingly, chemicals were
applied 12, 14, and 15 d after eggswere placed in the incubator for
the warm-, intermediate-, and cool-temperature treatments, re-
spectively. The dosage of 17b-estradiol was the same as, and the
dosage of fadrozole was similar (80 mg vs. 100 mg) to, those suc-
cessfully used in previous studies of snapping turtles (Chelydra
serpentina; Rhen and Lang 1994, 1995). However, because these
chemical manipulations have not been conducted on Chrysemys
picta previously, a second dose of the same chemicals was applied
to the eggs 7 d later. Eggs were checked twice daily for hatching.
Immediately after hatching, plastron length was measured, and
all hatchlings were weighed.
For the 2010 experiment, 48 clutches were obtained within
1–3 h after females finished nesting (May 22–27). All eggs
were weighed soon after oviposition and kept in a cooler
(buried in moist sand) for 5–10 d before transportation to ISU.
In total, 506 eggs were used in the 2010 experiment, and they
were placed in their treatments on June 1, 2010.
The design and protocols for the 2010 experiment were sim-
ilar to those described above for the 2008 experiment except for
the following two details. First, rather than using fluctuating tem-
peratures, egg incubation temperatures were constant (267, 287,
and 307C). Second, chemicals were applied 4 d earlier than in the
2008 experiment (8, 10, and 11 d after eggs were placed in the in-
cubator, respectively, for each temperature treatment), and dos-
age was doubled for estradiol (30 mg was dissolved in 5 mL of 100%
EtOH) and increased 1.25-fold for fadrozole (100mgwas dissolved
in 5 mL of 100% EtOH). These changes were made in the 2010 ex-
periment because we expected that constant incubation temper-
atures and increased chemical dosage would produce an equal
number of males and females at all temperatures better than the
2008 experiment (seeWarner et al. 2014). However, these changes
made no substantial difference (see “Results”).
Figure 1. Experimental design for quantifying sex-specific effects of
incubation temperature on hatchling phenotypes of Chrysemys picta.
The curve illustrates the sex-determining reaction norm for C. picta.
Eggs were incubated at three temperatures (267, 287, and 307C), and
two chemical treatments (estradiol and fadrozole) were used to produce
both sexes at each incubation temperature. This design was used in both
the 2008 and 2010 experiments. These manipulations are needed to make
same-sex comparisons across incubation temperatures in species with
temperature-dependent sex determination.
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For both experiments, turtles were raised in captivity for
multiple years, with the unfulfilled goal of examining long-term
and sex-specific effects of incubation temperature on late-life
phenotypes. Over this time, the gonadal sex of turtles that died
was identified by inspecting gross morphology of gonads, which
was verified with histology (Warner et al. 2014); henceforth, the
term “sex” refers to gonadal sex. In addition, individuals that
survived to the end of the studies (np 53 and np 18 in the 2008
and 2010 experiments, respectively) were humanely euthanized
via cavital injection of sodium pentobarbital or decapitation, and
their sex was identified by examining gonadmorphology. Several
unforeseen logistical problems rendered the long-term compo-
nent of the study uninterpretable; thus, we focus the analyses in
this article on data collected up to the point of hatching (but we
also use data on offspring sex that were collected at a later time).
Nevertheless, given that studies of the long-term effects of egg
incubation temperature on phenotypes are rare for long-lived
organisms, such as turtles, we include additional methodology
and results for the long-term study in the appendix as a record of
these important attempts.
Statistical Analyses
Statistical analyses were conducted with SAS software (ver. 9.4).
The 2008 and 2010 experiments were analyzed separately and
were compared qualitatively because of differences in protocols.
After hatchlings were released in outdoor enclosures (see ap-
pendix), some individuals were never recovered, or their sex was
not confidently identified (e.g., carcasses were too decayed); sex
was not identified for 42 and 115 individuals in the 2008 and 2010
experiments, respectively. Thus, analyses that included sex as a
factor were restricted to individuals with positively identified sex
(see table 1 for sample sizes).
Initial analyses focused on the effects of incubation tem-
perature and chemical application on aspects of embryonic
development and hatchling phenotypes. Incubation duration
and two measures of hatchling size (plastron length and body
mass) were dependent variables in general linearmixedmodels.
Generalized linear mixed models were used for analyses with
dependent variables that were binomially distributed, such as
egg survival and hatchling sex. These models included incu-
bation temperature, chemical treatment, their interaction, and
egg mass as independent variables and maternal identity as a
random effect. As reported previously from these same data
sets, chemical treatment had unexpected effects on sex ratios in
both experiments (Warner et al. 2014); eggs treated with es-
tradiol produced male-biased sex ratios across all incubation
temperatures, and fadrozole had little effect on sex ratio in
relation to control eggs. These patterns were generally con-
sistent in the 2008 and 2010 experiments (fig. S1; figs. S1–S4 are
available online). Despite some sex-ratio biases, however, in-
dividuals of both sexes were still produced across most tem-
perature and chemical treatments (fig. S1), which enabled us to
perform additional analyses to quantify the effects of chemical
application on incubation duration and hatchling body size
within each sex. To do this, general linear models were per-
formed for each sex separately using the same model structure
described above.
The primary goal of this study was to quantify sex-specific
effects of incubation temperature on offspring phenotypes and
survival. Given that both sexes were produced across all in-
cubation temperatures (despite the unexpected effect of es-
tradiol and fadrozole on sex ratio; table 1; Warner et al. 2014)
and that chemical application had small effects on offspring
size and influenced incubation duration similarly for males
and females (table S1), our subsequent analyses (general linear
mixed models) focused only on the effects of incubation tem-
perature, sex, and their interaction on incubation duration and
hatchling body size. Egg mass was a covariate for analyses of
plastron length and body mass, and maternal identity was a
random effect.
Results
Temperature and Chemical Effects on Development
and Hatchling Size
Incubation temperature and chemical applications to eggs had
little to no influence on egg survival. In 2008, eggs from the
intermediate-temperature treatment had slightly lower sur-
vival (82.1%) than those from the cool and warm treatments
(both 89.6%; F2, 380 p 3:2, P p 0:042). Egg survival (90.5%–
92.3%) was not influenced by incubation temperature in the
2010 experiment (F2, 448 p 0:2, P p 0:797). Egg survival did
not differ among chemical treatments in either experiment
(2008: range p 85.8%–88.0%; F2, 380 p 0:2, P p 0:848; 2010:
range p 89.9%–94.6%, F2, 448 p 1:2, P p 0:316) and was not
influenced by the interaction between incubation temperature
and chemical treatment (2008: F4, 380 p 0:2, P p 0:917; 2010:
F4, 448 p 0:7, P p 0:581).
Incubation temperature and chemical application to eggs
significantly influenced incubation duration (table 2). Incu-
bation duration declined with increasing temperature (fig. 2);
Table 1: Sample sizes for male and female painted turtles (Chrysemys picta) produced at each
incubation temperature for the 2008 and 2010 experiments
Incubation treatment
2008 experiment 2010 experiment
Males (n) Females (n) Males (n) Females (n)
Cool (267C) 99 17 100 11
Intermediate (287C) 53 54 75 32
Warm (307C) 28 89 40 78
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all temperature treatments significantly differed from each
other by as much as 3–11 d (table 2). Additionally, estradiol
shortened incubation duration by about 5 d compared with
control and fadrozole treatments. Fadrozole-treated eggs did
not differ in incubation length from control eggs (table 2).
These effects on incubation duration were generally the same
in the 2008 and 2010 experiments.
Incubation temperature and chemical treatment had statisti-
cally significant effects on plastron length and body mass, but the
effect sizes were generally small (table 2; fig. 2). In both experi-
ments, warm incubation temperatures produced offspring that
were ≤1 mm shorter and 0.12 g lighter than those from the cool-
temperature treatment (2.4% average difference in size) and
0.53 mm shorter and ≤0.04 g lighter than those from the
intermediate-temperature treatment (1.0% average difference in
size). Estradiol treatment produced offspring that were !1 mm
shorter and≤0.11 g lighter than those from the control treatment
(2.8% average difference in size). Fadrozole treatment had no
effect on plastron length and a minimal effect on body mass in
the 2008 experiment (difference of 0.1 g); fadrozole had no effect
on plastron length or body mass in the 2010 experiment. In-
teractions between chemical treatment and incubation temper-
ature were not statistically significant (table 2). These small effect
sizes were similar to those from analyses that were performed for
each sex separately (i.e., effect sizes were ≤0.85 mm for plastron
length and ≤0.45 g for body mass; table S1).
Figure 2. Effects of incubation temperature and chemical application on incubation duration and body size of hatchling painted turtles
(Chrysemys picta). a–c, Results from the 2008 experiment. d–f, Results from the 2010 experiment. Light gray points are raw data, and solid/
open points and triangles are treatment means 5 1 SE. Statistical results are given in table 2.
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Temperature and Sex Effects on Development
and Hatchling Size
Incubation temperature and sex had significant effects on
incubation duration and body size at hatching (table 3; fig. 3).
As described above, incubation duration was shortened with
increasing incubation temperature. Overall, female offspring
took 2.4 d (in 2008) and 3.4 d (in 2010) longer to hatch than
male offspring. The sex#incubation temperature interaction
(table 3) indicated that the sex difference in incubation du-
ration was greatest at 307C and reduced at cooler incubation
temperatures (fig. 3; see table S2 for sex-specific effect sizes for
incubation temperature).
In the 2008 experiment, offspring from warm incubation
temperatures had relatively short plastrons and were lighter than
those from cool incubation temperatures; this effect of incuba-
tion temperature on plastron length was most pronounced in
males (sex#temperature interaction; table 3; fig. 3). However,
the sex#incubation temperature interaction was not significant
for hatchling mass (table 3). Females were also larger than males
in both plastron length and body mass. Despite statistical sig-
nificance, however, effect sizes were relatively small. Moreover,
body size of hatchlings did not differ between males and females
when incubation duration was included as a covariate in the
models (sex effect on plastron length in 2008: F1, 287 p 3:7,
P p 0:056; in 2010:F1, 272 p 0:5,P p 0:499; bodymass in2008:
F1, 287 p 1:8,P p 0:181; in2010:F1, 272 p 0:2,P p 0:649).The
2010 experiment produced similar results for body size at
hatching, but sex#temperature interactions were not statisti-
cally significant.
Discussion
In species with TSD, incubation temperature permanently de-
termines an individual’s sex (Valenzuela and Lance 2004) but also
influences variation in a suite of continuously distributed traits.
This multivariable effect of incubation temperature can lead to
phenotypic differences between the sexes under TSD (Rhen and
Lang 1995; While et al. 2018). Consequently, whether environ-
mentally induced phenotypic variation is due to incubation
temperature per se or reflects intrinsic differences between the
sexes is often unknown. We addressed this issue by chemically
manipulating developing embryos to enable same-sex compar-
isons within different incubation temperatures. In line with our
predictions, incubation temperature contributed to variation in
incubation duration and hatchling size similarly for males and
females.Contrary topredictions, however, variation in incubation
duration and hatchling size also was explained by sex, whereby
males had shorter incubation periods and were slightly smaller
than females. These effects were generally consistent between the
2008 and 2010 experiments, with a few exceptions that may have
been due to differences in methodology (e.g., the small effect of
temperature on egg survival in 2008, but not in 2010, may have
been due to changes in incubation thermal fluctuations). Below,
we examine the basis for these patterns and discuss the role that
longer-term studies can play in addressing fitness consequences.
The unexpected effects of exogenous estradiol on male
production have been reported previously with our two data
sets, as well as two additional data sets from our laboratory for
turtles with TSD (Warner et al. 2014, but see Warner et al.
2017). We cannot confidently explain this result, but it could
be attributed to the unnaturally high estradiol concentrations
due to our manipulation and their interaction with androgen re-
ceptors (Mori et al. 1998) or aromatase (Katsu et al. 2004) in ways
that could lead to elevated testosterone during the thermo-
sensitive period of sex determination (Janes et al. 2007; Warner
et al. 2014).The chemical effects thatweobservedhere differ from
the pattern observed when Chrysemys picta eggs incubate in the
field (i.e., fadrozole increased male production, and estradiol
increased female production in field nests; Warner et al. 2017).
One primary difference between the dosages used in the current
study and those used previously in C. picta (Warner et al. 2017)
and in other taxa (red-eared sliders: Wibbels et al. 1991;
snapping turtles: Rhen and Lang 1994, 1995; leopard geckos:
Tousignant and Crews 1994; Janes et al. 2007) is thatweapplied
two doses of these chemicals rather than one. Still, we have
shown previously that the effect of two doses on sex ratio does
not differ from that of one dose in C. picta (Warner et al. 2014).
Moreover, although our doses were higher than those used in
previous studies, variation in egg size among taxa complicates
direct comparisons. Thus, we do not have a confident explanation
for why the effects in our study differed from those on other
taxa.
In addition to these paradoxical effects on sex ratio, we found a
consistent shortening of the incubation period for eggs treated
with estradiol. Generally, this relationship is not surprising given
the association among estradiol, female production, and rapid
development in specieswithapatternof TSDexhibitedbyC. picta
(i.e., type 1a pattern, wheremales and females develop at cool and
warm temperatures, respectively). That is, under this pattern of
TSD, females develop faster than males because of the warmer
temperatures at which females are produced (Mrosovsky and
Pieau 1991). Conversely, however, given that males were pro-
duced by estradiol in our experiment, we found thatmales tended
to have a shorter incubation duration than females. Although
this pattern was evident at all incubation temperatures and con-
sistent between both experiments, the sex difference was most
pronounced at the warm incubation temperature; this would be
expected when females are rarely produced with estradiol but
almost always produced in the other chemical treatments atwarm
temperatures (e.g., nearly all males produced at warm temper-
atures were treated with estradiol and thus had relatively short
incubation). In contrast, at cool incubation temperatures, males
were produced more frequently across all chemical treatments
(fig. S1), which reduced the estradiol-driven sex difference seen
at warmer incubation temperatures (i.e., more control and fa-
drozole males were produced at cool temperatures, which length-
ens the average incubation duration for males overall). This un-
expected production of males with exogenous estradiol decoupled
female production from this steroid and, thus, points to estradiol,
rather than sex, as an important contributor to variation in incu-
bation duration.
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The unexpected effects of estradiol on male production and
incubation duration provide a unique opportunity to address
the developmental rate hypothesis, which was conceived to ex-
plain a potential mechanism underlying TSD (Sun et al. 2016).
This hypothesis predicts that offspring sex is determined more
by developmental rate than by incubation temperature (Webb
and Smith 1984; Webb et al. 1987). Results supporting this
hypothesis would demonstrate an intrinsic sex difference in
developmental rates where females develop faster than males,
which was not supported by our results. Instead, the sex ratio of
estradiol-treated eggs was in the opposite direction predicted by
this hypothesis, and our results suggest that the sex difference in
incubation duration was driven by exogenous estradiol. This
finding is similar to that of studies that applied thyroid hormone
(T3) to turtle eggs, which shortens incubation duration (O’Steen
and Janzen 1999; Sun et al. 2016; McGlashan et al. 2017). Indeed,
similartoourresults, eggsofthered-earedslider(Trachemysscripta
elegans) that are treated with T3 produced more males with re-
duced incubation periods, which is also contrary to the predicted
sex-ratio shift of the developmental rate hypothesis (Sun et al.
2016). Sex differences in incubation duration have been reported
for some reptileswithoutTSD(e.g., Burke 1992; Ballen et al. 2015)
but not in others (Elphick and Shine 1999; Andrews 2008).
Allocation of steroids to yolk varies among females in species
with TSD, and this can influence offspring sex and potentially
other offspring phenotypes (Bowden et al. 2000; Lovern and
Wade 2003; St. Juliana et al. 2004; Radder and Shine 2007; Carter
et al. 2017). We show that estradiol produced relatively small
Figure 3. Effects of incubation temperature and sex on incubation duration and body size of hatchling painted turtles (Chrysemys picta).
a–c, Results from the 2008 experiment. d–f, Results from the 2010 experiment. Light gray points are raw data, and solid/open points are
means 5 1 SE. Statistical results are given in table 3.
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hatchlings, and consequently, males were smaller than females at
the time of hatching. This difference in size between the sexes
appeared to be influenced by the estradiol-induced reduction in
incubation period, as the sex effect disappeared when incubation
duration was included in the statistical models. Previous work on
reptiles shows similar associations between incubation duration
and offspring body size (Warner and Shine 2007; Sun et al. 2016;
Aubret et al. 2017; Hansson and Olsson 2018). Nevertheless, we
also show that males were relatively large at the temperature that
naturally produces males (267C) compared with those produced
at other incubation temperatures and that hatchling females were
comparatively large regardless of incubation temperature (fig. 3b).
Although this pattern is consistent with predictions of the dif-
ferential fitness model for the adaptive significance of TSD (as-
suming that larger size increases fitness; Janzen 1993; Paitz et al.
2007; Mitchell et al. 2015), the treatment and sex differences in
body size are likely artifacts of the effect of exogenous estradiol on
development; indeed, male plastron length was reduced primarily
in the warm-temperature treatment, which would be expected
when males are produced only by estradiol-treated eggs at this
otherwise female-producing temperature.
Overall, the variation in body size between sexes and among
treatments was relatively small, and the interactive effect of
sex and incubation temperature was not repeatable; it was sta-
tistically significant only in the 2008 experiment and only for
plastron length, not bodymass (table 3). Thefitness consequences
of this small variation in hatchling body size are poorly under-
stood, but overlanddispersal of hatchlingC. picta fromnests to an
aquatic habitat is influenced by less variation in body size than
was induced by the manipulations in the current study (Paitz
et al. 2007). Thus, these small effects might still have biological
significance. Nevertheless, drawing conclusions about fitness
consequences using only phenotypic data at the time of hatching
might be premature, pointing to the need for longer-term studies
that address the adaptive significance of TSD in long-lived or-
ganisms (Mitchell et al. 2018).
Studies that use exogenous chemical manipulations of eggs in
species with TSD have addressed both proximate mechanistic
questions (Crews et al. 1994; Rhen andLang 2004; Freedberg et al.
2006b) and ultimate evolutionary explanations for TSD (War-
ner and Shine 2005, 2008). As described above, our results pro-
vide some insight into the mechanistic role of estradiol in shap-
ing developmental variation and sex determination under TSD
(Crews 1996; Janzen et al. 1998; Freedberg 2006a), although
the unexpected effect of estradiol on male production raises
additional questions about the action of this steroid (Warner
et al. 2014). By examining sex-specific phenotypic consequences
of incubation temperature, our work also addresses evolutionary
questions and supports some findings from other studies (Rhen
and Lang 1995). Past studies demonstrate that incubation tem-
perature influences phenotypic variation in ways that might fa-
vor the evolution of TSD (Janzen and Paukstis 1991; Rhen and
Lang 1995; Warner and Shine 2005; Freedberg et al. 2006b). For
example, although hatchling phenotypes of males and females
were similarly influenced by temperature, male-producing tem-
peratures induced phenotypes that are likely better for male,
rather than female, fitness (Gutzke and Crews 1988; Rhen and
Lang 1995). Other work suggests that fitness-related phenotypes
of hatchlings are influenced by an interactive effect of sex and
incubation temperature in a way that enables each sex to develop
“fit” phenotypes at its respective incubation temperature (Shine
et al. 1998; Elphick and Shine 1999; Spencer and Janzen 2014).
Both of these patterns are consistent with predictions of the
differential fitness model for TSD (Charnov and Bull 1977; Shine
1999). In our study, sex and incubation temperature influenced
variation in hatchling body size in ways that might be favored by
selection (e.g., large males at male-producing temperatures in
2008), but whether fitness consequences manifest at some stage
after hatching is poorly understood. Thus, drawing conclusions
about fitness consequences probably requires longer-term stud-
ies (see appendix). Unfortunately, most studies that examine the
phenotypic effects of developmental temperature use short-term
data that do not extend to sexual maturity, which is a major
hindrance to advancing our understanding of TSD evolution in
long-lived species (Schwanz et al. 2016; Mitchell et al. 2018).
The long life span of many reptiles is a major obstacle for
empirical studies that address the adaptive significance of de-
velopmental plasticity. Indeed, our own attempts at long-term
studies have been limited by unforeseen circumstances asso-
ciated with captive husbandry (e.g., unexplainedmortality) and
artificial conditions (see appendix). Despite these obstacles,
longitudinal studies are desirable for advancing this field, since
little is known about the effects of incubation environments
on adult phenotypes and fitness in long-lived species (Mitchell
et al. 2018). Ecologically meaningful conclusions about the
consequences of incubation-induced phenotypic variation can
be provided by integrating laboratory and field studies (e.g.,
Janzen 1993; Warner and Andrews 2002; Pearson and Warner
2018), as well as long-term experiments that follow individu-
als to sexual maturity and measure components of fitness (e.g.,
Warner and Shine 2008). Long-term research is also essential
for identifying transient effects (e.g., Spencer et al. 2006), which
cannotbedetectedduring studies that extendonly to early neonatal
stages. Longitudinal studies combined with manipulative exper-
imental approaches (as performed in this study) that enable
decoupling of multiple environmentally induced phenotypes
are rare and will undoubtedly provide novel insights into the
adaptive significance of ESD and other forms of developmental
plasticity.
Acknowledgments
We are grateful to Nick Howell and the staff at the Iowa State
University (ISU) Horticulture Research Station for their gen-
erous support during this work. Thanks to R. Alverio, K. Chris-
tiansen, M. Columba, K. Fetterman, A. Sethuraman, and J. Ward
for assistance during many aspects of this research. Thanks to
A. Bronikowski for statistical advice and to members of the
Warner Lab and Janzen Lab for comments on earlier versions of
the manuscript. This research was supported by the National
Science Foundation (DEB-1242510) and was approved by the
Effects of Sex and Temperature on Phenotypic Development 71
This content downloaded from 129.186.176.217 on December 09, 2019 06:48:49 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
Illinois Department of Natural Resources and the ISU Institu-
tional Animal Care and Use Committee (protocol 5-08-6566-J).
Literature Cited
Andews R.M. 2008. Effects of incubation temperature on
growth and performance of the veiled chameleon (Cha-
maeleo calyptratus). J Exp Zool A 309:435–446.
Aubret F., F. Bignon, A. Bouffet-Halle, G. Blanvillian, P.J.R.
Kok, and J. Souchet. 2017. Yolk removal generates hatching
asynchrony in snake eggs. Sci Rep 7:3041. https://doi.org/10.1038
/s41598-017-03355-y.
Ballen C.J., R. Shine, and M.M. Olsson. 2015. Developmental
plasticity in an unusual animal: the effects of incubation
temperature on behavior in chameleons. Behaviour 152:
1307–1324.
Beukeboom L.W. and N. Perrin. 2014. The evolution of sex
determination. Oxford University Press, Oxford.
Bowden R.M., M.A. Ewert, and C.E. Nelson. 2000. Environ-
mental sex determination in a reptile varies seasonally and
with yolk hormones. Proc R Soc B 267:1745–1749.
Bull J.J. 1983. Evolution of sex determining mechanisms. Ben-
jamin/Cummings, Menlo Park, CA.
Burke W.H. 1992. Sex differences in incubation length and
hatching weights of broiler chickens. Poultry Sci 71:1933–1938.
Carter A.W., R.M. Bowden, and R.T. Paitz. 2017. Seasonal
shifts in sex ratios are mediated by maternal effects and
fluctuating incubation temperatures. Funct Ecol 31:876–884.
Charnov E.L. and J.J. Bull. 1977. When is sex environmentally
determined? Nature 266:828–830.
Cook J.M. 2002. Sex determination in invertebrates. Pp. 178–
194 in I.C.W. Hardy, ed. Sex ratios: concepts and research
methods. Cambridge University Press, Cambridge.
Cox R.M., M.A. Butler, and H.B. John-Alder. 2007. The
evolution of sexual size dimorphism in reptiles. Pp. 38–49
in D.J. Fairbairn, W.U. Blanckenhorn, and T. Szekely, eds.
Sex, size and gender roles: evolutionary studies of sexual
size dimorphism. Oxford University Press, Oxford.
Crews D. 1996. Temperature-dependent sex determination:
the interplay of steroid hormones and temperature. Zool Sci
13:1–13.
Crews D., J.M. Bergeron, J.J. Bull, D. Flores, A. Tousignant,
J.K. Skipper, and T. Wibbels. 1994. Temperature-dependent
sex determination in reptiles: proximate mechanisms, ul-
timate outcomes, and practical applications. Dev Genet 15:
297–312.
Deeming D.C. 2004. Reptilian incubation: environment,
evolution, and behaviour. Nottingham University Press,
Nottingham.
Elphick M.J. and R. Shine. 1999. Sex differences in optimal
incubation temperatures in a scincid lizard species. Oecologia
118:431–437.
Flores D., A. Tousignant, and D. Crews. 1994. Incubation
temperature affects the behavior of adult leopard geckos
(Eublepharis macularius). Physiol Behav 55:1067–1072.
Freedberg S., R.M. Bowden, M.A. Ewert, D.R. Sengelaub, and
C.E. Nelson. 2006a. Longterm sex reversal by oestradiol in
amniotes with heteromorphic sex chromosomes. Biol Lett 2:
378–381.
Freedberg S., C.E. Nelson, and M.A. Ewert. 2006b. Estradiol-
17b induces lasting sex reversal at male-producing tem-
peratures in kinosternid turtles. J Herpetol 40:95–98.
Gilbert S.F. and D. Epel. 2015. Ecological developmental
biology: the environmental regulation of developmental,
health, and evolution. Sinauer, Sunderland, MA.
Gutzke W.H.N. and D. Crews. 1988. Embryonic temperature
determines adult sexuality in a reptile. Nature 332:832–834.
Hansson A. and M. Olsson. 2018. The influence of incubation
temperature on phenotype of Australian painted dragons
(Ctenophorus pictus). Herpetologica 74:146–151.
Janes D.E., D. Bermudez, L.J. Guillette, and M.L. Wayne. 2007.
Estrogens induced male production at a female-producing
temperature in a reptile (leopard gecko, Eublepharis mac-
ularius) with temperature-dependent sex determination.
J Herpetol 41:9–15.
Janzen F.J. 1993. An experimental analysis of natural selection
on body size of hatchling turtles. Ecology 74:332–341.
———. 1994. Vegetational cover predictions the sex ratio of
hatchling turtles in natural nests. Ecology 75:1593–1599.
Janzen F.J. and C.L. Morjan. 2001. Repeatability of
microenvironment-specific nesting behaviour in a turtle with
environmental sex determination. Anim Behav 62:73–82.
Janzen F.J. and G.L. Paukstis. 1991. A preliminary test of the
adaptive significance of environmental sex determination in
reptiles. Evolution 4:435–440.
Janzen F.J., M.E. Wilson, J.K. Tucker, and S.P. Ford. 1998.
Endogenous yolk steroid hormones in turtles with different
sex-determining mechanisms. Gen Comp Endocrinol 111:
306–317.
Katsu Y., D.S. Bermudez, E.L. Braun, C. Helbing, S. Miyagawa,
M.P. Gunderson, S. Kohno, T.A. Bryan, L.J. Guillette, and
T. Iguchi. 2004. Molecular cloning of the estrogen and
progesterone receptors of the American alligator. Gen Comp
Endocrinol 136:122–133.
Lawson S.P., S.L. Helmreich, and S.M. Rehan. 2017. Effects of
nutritional deprivation on development and behavior in the
subsocial bee Ceratina calcarata (Hymenoptera:Xyloco-
pinae). J Exp Biol 220:4456–4462.
Lovern M.B. and J. Wade. 2003. Yolk testosterone varies with
sex in eggs of the lizard, Anolis carolinensis. J Exp Zool A
295:206–210.
McGlashan J.K., M.B. Thompson, J.U. Van Dyke, and R.-J.
Spencer. 2017. Thyroid hormones reduce incubation period
without developmental or metabolic costs in Murray River
short-necked turtles (Emydura macquarii). Physiol Biochem
Zool 90:34–46.
Metcalfe N.B. and P. Monaghan. 2001. Compensation for a
bad start: grow now, pay later? Trends Ecol Evol 16:254–
260.
Mitchell T.S., F.J. Janzen, and D.A. Warner. 2018. Quantifying
the effects of embryonic phenotypic plasticity on adult
72 D. A. Warner, T. S. Mitchell, B. L. Bodensteiner, and F. J. Janzen
This content downloaded from 129.186.176.217 on December 09, 2019 06:48:49 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
phenotypes in reptiles: a review of current knowledge and
major gaps. J Exp Zool A 329:203–214.
Mitchell T.S., J.A. Maciel, and F.J. Janzen. 2015. Maternal
effects influence phenotypes and survival during early life
stages in an aquatic turtle. Funct Ecol 29:268–276.
Mori T., H. Matsumoto, and H. Yokota. 1998. Androgen-
induced vitellogenin gene expression in primary cultures of
rainbow trout hepatocytes. J Steroid Biochem 67:133–141.
Mrosovsky N. and C. Pieau. 1991. Transitional range of tem-
perature, pivotal temperatures and thermosensitive stages
for sex determination in reptiles. Amphib-Reptil 12:169–
179.
Noble D.W.A., V. Stenhouse, and L.E. Schwanz. 2018. Devel-
opmental temperatures and phenotypic plasticity in reptiles: a
systematic review and meta-analysis. Biol Rev 93:72–97.
O’Donnell S. 1998. Reproductive caste determination in eusocial
wasps (Hymenoptera:Vespidae). Annu Rev Entomol 43:323–
346.
O’Steen S. and F.J. Janzen. 1999. Embryonic temperature affects
metabolic compensation and thyroid hormones in hatchling
snapping turtles. Physiol Biochem Zool 72:520–533.
Paitz R.T., H.K. Harms, R.M. Bowden, and F.J. Janzen. 2007.
Experience pays: offspring survival increases with female
age. Biol Lett 3:44–46.
Pearson P.R. and D.A. Warner. 2018. Early hatching enhances
survival despite beneficial phenotypic effects of late-season
developmental environments. Proc R Soc B 285:20180256.
https://doi.org/10.1098/rspb.2018.0256.
Pennell M.W., J.E. Mank, and C.L. Peichel. 2018. Transitions
in sex determination and sex chromosomes across verte-
brate species. Mol Ecol 27:3950–3963.
Pigliucci M. 2003. Phenotypic integration: studying the ecol-
ogy and evolution of complex phenotypes. Ecol Lett 6:265–
272.
Radder R.S. and R. Shine. 2007. Are the phenotypic traits of
hatchling lizards affected by maternal allocation of steroid
hormones to the egg? Gen Comp Endocrinol 154:111–119.
Refsnider J.M., C.L. Milne-Zelman, D.A. Warner, and F.J.
Janzen. 2014. Population sex ratios under differing local
climates in a reptile with environmental sex determination.
Evol Ecol 28:977–989.
Rhen T. and J.W. Lang. 1994. Temperature-dependent sex
determination in the snapping turtle: manipulation of the
embryonic sex steroid environment. Gen Comp Endocrinol
96:243–254.
———. 1995. Phenotypic plasticity for growth in the com-
mon snapping turtle: effects of incubation temperature, clutch,
and their interaction. Am Nat 146:726–747.
———. 2004. Phenotypic effects of incubation temperature in
reptiles. Pp. 90–98 in N. Valenzuela and V.A. Lance, eds.
Temperature-dependent sex determination in vertebrates.
Smithsonian Institution, Washington, DC.
Schlichting C.D. 1989. Phenotypic integration and environ-
mental change: what are the consequences of differential
phenotypic plasticity of traits? Bioscience 39:460–464.
Schwanz L.E., G.A. Cordero, E.L. Charnov, and F.J. Janzen.
2016. Sex-specific survival to maturity and the evolution of
environmental sex determination. Evolution 70:329–341.
Schwarzkopf L. and R.J. Brooks. 1987. Nest-site selection and
offspring sex ratio in painted turtles, Chrysemys picta.
Copeia 1987:53–61.
Seller M.J. and K.J. Perkins-Cole. 1987. Sex differences in mouse
embryonicdevelopmentatneurulation. JReprodFert79:159–161.
Shine R. 1999. Why is sex determined by nest temperature in
many reptiles? Trends Ecol Evol 14:186–189.
Shine R., M.J. Elphick, and P.S. Harlow. 1998. Sisters like it
hot. Nature 378:451–452.
Simpson S.J., E. Despland, B.F. Hagele, and T. Dodgson. 2001.
Gregarious behavior in desert locusts is evoked by touching
their back legs. Proc Natl Acad Sci USA 98:3895–3897.
Spencer, R.-J. and F.J. Janzen. 2014. A novel hypothesis for the
adaptive maintenance of environmental sex determination
in a turtle. Proc R Soc B 281:20140831. https://doi.org/10.1098
/rspb.2014.0831.
Spencer R.-J., F.J. Janzen, and M.B. Thompson. 2006. Counter-
intuitive density-dependent growth in a long-lived vertebrate
after removal of nest predators. Ecology 87:3109–3118.
St. Juliana J.R., R.M. Bowden, and F.J. Janzen. 2004. The
impact of behavioral and physiological maternal effects on
offspring sex ratio in the common snapping turtle, Chelydra
serpentina. Behav Ecol Sociobiol 56:270–278.
Sun B.-J., T. Li, Y. Mu, J.K. McGlashin, A. Georges, R. Shine,
and W.-G. Du. 2016. Thyroid hormone modulates offspring
sex ratio in a turtle with temperature-dependent sex deter-
mination. Proc R Soc B 283:20161206. https://doi.org/10.1098
/rspd.2016.1206.
Teder T. 2014. Sexual size dimorphism requires a corresponding
sex difference in development time: a meta-analysis in insects.
Funct Ecol 28:479–486.
Tousignant A. and D. Crews. 1994. Effect of exogenous estradiol
applied at different embryonic stages on sex determination,
growth, and mortality in the leopard gecko (Eublepharis mac-
ularius). J Exp Zool A 268:17–21.
Valenzuela N. and V.A. Lance. 2004. Temperature-dependent
sex determination in vertebrates. Smithsonian Institution,
Washington, DC.
Warner D.A., E. Addis, W.-G. Du, T. Wibbels, and F.J. Janzen.
2014. Exogenous application of estradiol to eggs unex-
pectedly induces male development in two turtle species
with temperature-dependent sex determination. Gen Comp
Endocrinol 206:16–23.
Warner D.A. and R.M. Andrews. 2002. Laboratory and field
experiments identify sources of variation in phenotypes and
survival of hatchling lizards. Biol J Linn Soc 76:105–124.
Warner D.A., W.-G. Du, and A. Georges. 2018. Introduction
to the special issue—developmental plasticity in reptiles:
physiological mechanisms and ecological consequences.
J Exp Zool A 329:153–161.
Warner D.A., T.S. Mitchell, B.L. Bodensteiner, and F.J. Janzen.
2017. The effect of hormonemanipulations on sex ratios varies
Effects of Sex and Temperature on Phenotypic Development 73
This content downloaded from 129.186.176.217 on December 09, 2019 06:48:49 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
with environmental conditions in a turtle with temperature-
dependent sex determination. J Exp Zool A 327:172–181.
Warner D.A. and R. Shine. 2005. The adaptive significance of
temperature-dependent sex determination: experimental tests
with a short-lived lizard. Evolution 59:2209–2221.
———. 2007. Fitness of juvenile lizards depends on seasonal
timing of hatching, not offspring body size. Oecologia 154:65–73.
———. 2008. The adaptive significance of temperature-
dependent sex determination in a reptile. Nature 451:566–568
Webb G.J.W., A.M. Beal, S.C. Manolis, and K.E. Demsey.
1987. The effects of incubation temperature on sex deter-
mination and embryonic development rate in Crocodylus
johnstoni and C. porosus. Pp. 507–531 in G.J.W. Webb, S.C.
Manolis, and P.J. Whitehead, eds. Wildlife management of
crocodiles and alligators. Surey Beatty and Sons, Sydney.
Webb G.J.W. and A.M.A. Smith. 1984. Sex ratio and survi-
vorship in the Australian freshwater crocodile Crocodylus
johnstoni. Symp Zool Soc 52:319–355.
West-Eberhard M.J. 2003. Developmental plasticity and
evolution. Oxford University Press, Oxford.
While G.M., D.W.A. Noble, T. Uller, D.A. Warner, J.L. Riley,
W.-G. Du, and L.E. Schwanz. 2018. Patterns of develop-
mental plasticity in response to incubation temperature in
reptiles. J Exp Zool A 329:162–176.
Wibbels T., J.J. Bull, and D. Crews. 1991. Synergism between
temperature and estradiol: a common pathway in turtle sex
determination? J Exp Zool A 260:130–134.
Wibbels T. and D. Crews. 1992. Specificity of steroid hormone-
induced sex determination in a turtle. J Endocrinol 133:121–
129.
74 D. A. Warner, T. S. Mitchell, B. L. Bodensteiner, and F. J. Janzen
This content downloaded from 129.186.176.217 on December 09, 2019 06:48:49 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
